Context: Pubertal adolescents show strong appetites. How this is mediated is unclear, but ghrelin and peptide YY (PYY) play potentially important roles.
D
uring puberty, adolescents exhibit a rise in estradiol or testosterone (the key puberty hormones in girls and boys, respectively), rapid linear growth, and sexspecific patterns of lean and fat mass deposition (1-3). To fuel such rapid physical change, energy requirements must increase at puberty. Evidence from 20 years of cross-sectional research has shown that energy expenditure (and intake) in pubertal adolescents are higher than their prepubertal counterparts (4) . Yet, data from longitudinal studies show apparently paradoxical outcomes (5, 6) . In the Early Bird Diabetes cohort study, a reduction in absolute energy expenditure was observed across the age span of 11 to 15 years in 320 adolescents (5) . This reduction suggests an increase in energy efficiency, which was speculated as an adaptive response to the nutritional pressures of growth (5) and affirms the importance of longitudinal studies for understanding energy balance at puberty.
Energy intake is integral to energy balance and in adults is regulated via neuronal circuits interacting with appetite hormones, key among these being ghrelin and peptide YY (PYY) (7) . Ghrelin is a hormone well recognized for its acute orexigenic properties (8) . Yet, ghrelin has wider physiological roles that include promoting GH release and maintaining glucose homeostasis (8) . Increasing evidence also indicates an involvement of ghrelin in signaling negative energy balance and in modulating reproductive function (9) . Conversely, PYY is best known for its anorexigenic effects. The peptide is responsible for inducing satiety and cessation of eating after food intake (7) and plays a potential role in the longterm regulation of nutrient status, although current evidence is inconsistent (10, 11) . Studies have reported lower circulating PYY with increasing levels of GH (12, 13) . Thus, alterations in circulating ghrelin and PYY influence the physiological drive to eat, weight gain, and reproductive function. These factors make study of these hormones highly relevant at puberty, when rapid growth and maturation must require careful coordination of energy balance and appetite regulatory signals (14) . Dysregulation of such signals may characterize the recognized risk of development of overweight and obesity (Ow/Ob) in adolescents (14, 15) .
There is a paucity of longitudinal data on pubertal changes in ghrelin and PYY. One cohort study in female rhythmic gymnasts reported a decline in fasting ghrelin levels from prepuberty to early puberty, a trend apparently contradictory to its orexigenic effects, but also consistent with its other physiological roles, and with prior cross-sectional data (16) (17) (18) (19) . Current literature on pubertal PYY change is limited to two cross-sectional studies with conflicting findings (13, 20) . A research gap thus remains in understanding how ghrelin and PYY change across this life stage, and the relationship these peptides have with other aspects of pubertal growth and development.
The primary aim of this study was to measure change in ghrelin and PYY in adolescents, and understand how these peptides relate to the physical and biochemical markers of pubertal growth and development. A secondary aim was to compare ghrelin and PYY between healthy-weight adolescents and those with Ow/Ob. We hypothesized, based on cross-sectional data, that circulating ghrelin and PYY levels would decrease with the pubertal growth spurt. Adolescents with Ow/Ob were expected to show lower ghrelin and PYY levels, reflecting a state of energy surplus but a reduced capacity for satiety signaling.
Subjects and Methods

Study setting and participants
Participants came from the longitudinal Adolescent Rural Cohort study of Hormones, health, Education, environments and Relationships (ARCHER). ARCHER is a prospective cohort study of 342 healthy adolescents, recruited between mid-2011 and mid-2013 at the age of 10 to 13 years (21) , that aims to examine how change in puberty hormones affect health and wellbeing in young people. This ongoing study collects data from families living in two Australian regional townships, and with up to 5 years of data available. Data collection includes annual anthropometry, blood collection, and a health questionnaire (22) .
A total of 80 ARCHER participants (26 girls and 54 boys) were selected for ghrelin and PYY analyses. We selected those participants who provided the greatest number of serial plasma samples (out of a possible five) over the follow-up period.
Where there was an equal number of samples available from multiple participants, priority was given to those who provided plasma at the earlier follow-ups (i.e., at the less advanced stages of puberty) (Supplemental Fig. 1 ).
Ethics
Ethical approval was granted by the Human Research Ethics Committee of the University of Sydney (HREC 2010/ 13094 and 2015/199). All research was undertaken in accordance with the Principles of the Declaration of Helsinki. Written informed consent was obtained from adolescents and their parent/guardian prior to study commencement. Adolescents provided verbal assent prior to each study visit and blood collection.
Anthropometric and body composition measurement
Height (to the nearest 0.1 cm) was measured with a stadiometer (Wedderburn Pty Ltd, Ingleburn, Australia). Weight (to the nearest 0.1 kg) and body composition were measured in light clothing and no shoes using a foot-to-foot bioelectrical impedance scale (Tanita Corporation, Tokyo, Japan) (23) . Height and weight velocity were calculated as the difference in height/weight divided by the difference in age between two consecutive visits, and assigning this value to the age at the latter visit. Body mass index (BMI) z scores and Ow/Ob status were derived using the extended International Obesity Task Force cutoffs (24) . Waist circumference was measured at the narrowest point, to the nearest 0.1 cm. The waist-to-height ratio was calculated as an indicator of central adiposity (25) .
Pubertal assessment
Self-reported Tanner stage was assessed as a part of the annual health questionnaire. Adolescents were asked to rate their pubertal status against standardized line drawings (26, 27) . Girls were asked if/when they had reached menarche.
Biochemistry
A fasting morning venous blood sample was collected annually (cycle day 7 to 10 in postmenarcheal girls). Serum was collected at all annual time points. Plasma was collected only from the first year of follow-up [i.e., no baseline plasma sample, using vacutainers with EDTA and aprotinin (BD, North Ryde, Australia)]. Samples were centrifuged at 4°C (1600g 3 15 minutes) immediately after collection, aliquoted, and stored at -80°C.
Serum was used for assay of estradiol, testosterone, glucose, insulin, and leptin. Plasma was used for assay of total ghrelin and total PYY. Estradiol and testosterone were analyzed via liquid chromatography tandem mass spectrometry using the API 5000 System (AB SCIEX, Mount Waverley, Australia); assay performance characteristics are published (28) . Glucose was measured using a glucose hexokinase enzymatic assay on the AU480 chemistry analyzer (Beckman Coulter, Lane Cove, Australia). Commercial radioimmunoassay kits were used to measure IGF-1 (Mediagnost, Reutlingen, Germany), insulin, leptin, total ghrelin, and total PYY (Merck Millipore, Billerica, MA). No apparent cross-reactivity is reported for the IGF-1 kit, and 100% specificities are reported in the respective kits for human insulin, human leptin, desacyl and acyl-ghrelin (i.e., total ghrelin), and PYY 1-36 and 3-36 (i.e., total PYY). Mean interassay coefficients of variation were 5.1% for IGF-1, 3.9% for insulin, 4.5% for leptin, 16.3% for total ghrelin, and 7.0% for total PYY. Mean intra-assay coefficients of variation were 4.8% for IGF-1, 3.6% for insulin, 3.1% for leptin, 3.9% for total ghrelin, and 2.9% for total PYY. The updated homeostasis model assessment-insulin resistance (HOMA2-IR) was calculated as a measure of insulin resistance (29) . Conversion from Système International to conventional units is as follows: estradiol pmol/L 4 3.671 = pg/mL; testosterone nmol/L 4 3.467 = ng/mL; IGF-1 nmol/L 4 0.131 = ng/mL; glucose mmol/L 4 0.055 = mg/dL; insulin pmol/L 4 6.945 = mIU/mL; total ghrelin pmol/L 4 0.296 = pg/mL; and PYY pmol/L 4 0.25 = pg/mL.
Statistical analysis
Sample size calculations using cross-sectional data indicated the study had adequate power to detect changes in ghrelin and PYY over time and across Ow/Ob subgroups (Supplemental Materials and Methods). To identify potential selection bias in the current subcohort of the ARCHER study, baseline characteristics of included vs excluded participants were compared using sex-specific unpaired t tests and x 2 tests. Data are reported as mean 6 SD or median (interquartile range). All descriptive analyses were performed using IBM SPSS Statistics version 24 (IBM Corporation, Armonk, NY).
To describe how markers of growth and development changed over time, anthropometric and biochemical (estradiol, testosterone, insulin, HOMA2-IR, IGF-1, and leptin) data were regressed against age (in fractional years) and Tanner stage using sex-specific mixed models with random intercepts. Functional forms of age and Tanner stage were tested including linear, quadratic, cubic, log, and square root to assess the most appropriate relationship as determined by significance of the terms (P , 0.05). Sexual dimorphism was assessed by running the above models on the combined female and male data set, with sex as an additional predictor. Anthropometric and biochemical changes were plotted against age (rounded to the nearest year) and Tanner stage and presented graphically as mean 6 SE.
The relationship of ghrelin and PYY to age (fractional years), anthropometry, and growth-related biomarkers was analyzed using a supervised forward stepwise procedure in a mixedmodel framework with random intercepts. For the first step, ghrelin and PYY were included as separate outcomes and regressed against age, which was the main time-related exposure variable (model 1). Again, various functional forms of age were tested to identify the most appropriate relationship as determined by significance of the terms (P , 0.05). As ghrelin showed a quadratic relationship over time, the timing of the ghrelin nadir was assessed by comparing model-derived estimates of age at ghrelin nadir and age at peak height velocity via unpaired t tests. Spearman's correlation was also used to examine the association of ghrelin to height and weight velocity. The second step in mixed modeling involved testing a list of potential predictors including Tanner stage (in its various functional forms), height, weight, BMI z score, waist circumference, fat mass, fat-free mass, insulin, leptin, estradiol in girls, testosterone in boys, PYY (in models with ghrelin as an outcome), and ghrelin (in models with PYY as an outcome). Each of these potential predictors were analyzed separately (but included age terms and IGF-1) against ghrelin and PYY and were retained in a final model (model 2) if it was the most significant predictor, as determined by the magnitude of the P value less than 0.05, until there were no more significant variables or when multicollinearity was present (measured by a variance inflation factor .2). Models 1 and 2 were applied separately to healthy-weight and Ow/Ob subgroups to examine the weight-related differences in predictors of ghrelin and PYY. Outcomes from mixed modeling are reported as estimates, P values, and 95% CIs. All statistical modeling was performed using PROC MIXED in SAS version 9.4 (SAS Institute, Cary, NC).
Results
Baseline age was 11.5 6 0.9 years, and baseline height and weight were 149.8 6 9.0 cm and 39.9 (25.5 to 54.3) kg (Table 1) . Prevalence of Ow/Ob was 31.3% (n = 25; 7 girls and 18 boys). Compared with the remaining 262 ARCHER adolescents, girls included in the current study were younger by 7 months (P = 0.007), and boys had marginally lower fat-free mass (by 0.1 kg; P = 0.047) and serum estradiol (by 0.5 pmol/L; P = 0.001). All other baseline variables, including anthropometry, body composition, Ow/Ob prevalence, and puberty hormones, were similar between the included and excluded participants.
Growth over time
Height, weight, and body composition changes over time were indicative of normal pubertal growth in our participants (Supplemental Figs. 2 and 3 ). Sexual dimorphism was observed for body composition trajectories, with girls and boys exhibiting significantly greater increases in fat and fat-free mass (P , 0.05), respectively, across both age and Tanner stage (Supplemental Figs. 2  and 3 ).
Longitudinal biochemical trends
Circulating levels of total ghrelin and total PYY were plotted against age and Tanner stage (Fig. 1) . These plots showed a quadratic U-shaped trend over time for ghrelin, which was confirmed statistically by a significant and positive age 2 effect (girls: P = 0.021; boys: P , 0.001) in the initial mixed models (Table 2 , model 1). Functional forms of Tanner stage, including the linear (girls: P = 0.61; boys: P = 0.68) and quadratic (girls: P = 0.80; boys: P = 0.82) terms, did not significantly predict ghrelin over and above the strong age-related associations (Fig. 1) . Model-derived estimates of mean age at ghrelin nadir and mean age at peak height velocity were, respectively, 13.3 and 12.7 years in girls and 14.4 and 13.9 years in boys. No significant difference was detected in the relative timing of these two events (girls: P = 0.21; boys: P = 0.48). When total ghrelin was correlated against annual height and weight velocity (Fig. 2 ), significant negative associations were observed, suggesting that the time of peak growth velocity was paralleled by a trough in circulating ghrelin levels. Visual inspection of the PYY plots indicated possible sex-specific trends across age and Tanner stage (Fig. 1) . However, these observations were not supported by results of the statistical analyses. Initial mixed modeling did not identify any significant effect of the age-related terms (Table 2 , model 1). Similarly, the various functional forms of Tanner stage, including linear (girls: P = 0.55; boys: P = 0.18) and quadratic (girls: P = 0.41; boys: P = 0.24) terms, did not show significant associations with PYY in both sexes (Fig. 1) .
Serum estradiol and testosterone levels rose significantly across age and Tanner stage in girls and boys, respectively (all P , 0.01; Supplemental Figs. 4 and 5). Insulin and HOMA2-IR increased significantly in boys only (P , 0.05). IGF-1 exhibited significant negative associations with age 2 in both sexes (P , 0.01; Supplemental Fig. 4 ) and Tanner stage 2 in girls (P , 0.01; Supplemental Fig. 5 ), indicating an inverted U-shaped change in IGF-1 over time. Girls showed a significant increase in serum leptin with age (P = 0.03; Supplemental  Fig. 4 ). This is contrasted by leptin levels in boys that remain unchanged with age (Supplemental Fig. 4 ) and significantly decreased with Tanner stage (Supplemental Fig. 5 ).
Ghrelin and PYY change in relation to physical and biochemical markers of growth Forward stepwise mixed modeling was used to test the contribution of physical and biochemical growth markers to changes in ghrelin and PYY (Table 2 , model 2). Results showed that ghrelin in girls was best described using a model that included age, age 2 , IGF-1, and leptin. Of these, leptin was the strongest predictor (estimate: -33.5; P = 0.004) followed by IGF-1 (estimate: -1.60; P = 0.017), both of which were inversely related to ghrelin in girls. The same statistical procedure applied to ghrelin data in boys yielded a final model that included age, age 2 ,
IGF-1, waist circumference, and insulin. Of these, IGF-1 was the strongest predictor (estimate: -0.92; P = 0.002), followed by waist circumference (estimate: -2.30; P = 0.022) and insulin (estimate: -0.21; P = 0.022), all of which were inversely related to ghrelin in boys (Table 2 , model 2).
Stepwise analyses of PYY data in girls yielded a final model that included age, IGF-1, insulin, and waist circumference (Table 2 , model 2). In this model, IGF-1 (estimate: 0.17; P = 0.005) and insulin (estimate: 0.05; P = 0.010) were significant positive predictors, whereas waist circumference (estimate: -0.35; P = 0.024) negatively predicted PYY in girls. Age also showed a marginal positive association with PYY in this model (estimate: 2.07; P = 0.064). Analyses of PYY data in boys revealed a final model that included age, insulin, and leptin. Of these, only leptin was significant and was positively associated with PYY in boys (estimate: 4.04; P = 0.046).
Ghrelin and PYY change between weight subgroups
To address the secondary aim of the study, we stratified participants into weight subgroups and replicated the plots and predictive models for ghrelin and PYY. Outcomes from initial mixed modeling showed a significant positive age 2 effect on ghrelin in healthyweight girls and boys (Table 3 , model 1), consistent with the U-shaped pattern described above (Fig. 3) . In contrast, ghrelin levels in Ow/Ob girls exhibited a significant negative association with age 2 (estimate: -11.1; P = 0.045), indicative of an inverted U-shaped relationship (Fig. 3) , whereas boys with Ow/Ob showed no significant age-related ghrelin change (Table 3 , model 1). Tanner stage did not significantly predict ghrelin in any of the weight subgroups (Fig. 3) . Unlike the healthy-weight subgroup, all Ow/Ob adolescents reported being well advanced in puberty at baseline (i.e., no participants were at Tanner stage 1). Subsequent mixed-modeling testing additional physical and biochemical predictors revealed a significant negative effect of leptin (estimate: -50.5; P = 0.002) on ghrelin in Ow/Ob girls. In boys, all significant age 2 , IGF-1, and waist circumference effects on ghrelin identified in the healthy-weight subgroup were not observed in the Ow/Ob adolescents (Table 3 , model 2).
In line with the results across the entire sample, total PYY was not significantly associated with age or Tanner stage in any of the weight subgroups (Fig. 3) . PYY in healthy-weight girls showed significant and positive associations with IGF-1 (estimate: 0.02; P = 0.018) and insulin (estimate: 0.04; P = 0.033), of which, only the latter was significant in Ow/Ob girls (Table 4 , model 2). No differences were detected for PYY change between healthy-weight and Ow/Ob boys (Table 4) .
Discussion
This study investigated pubertal change in fasting circulating levels of total ghrelin and total PYY across 3 years and the relationship of these peptides to anthropometric and biochemical markers of growth and development. Our analyses revealed a U-shaped change in ghrelin that was significantly associated with age 2 and IGF-1, but not with Tanner stage. This finding is in contrast to cross-sectional research that documents a linear decrease in fasting ghrelin levels with both age and Tanner stage (16, 17) . The strong inverse association between ghrelin and IGF-1 observed in our current study is in line with cross-sectional data (17) . However, the absence of a significant Tanner stage effect on ghrelin, together with the nonsignificant testosterone and estradiol associations, suggests that adolescent ghrelin levels may be more strongly linked to markers of somatic growth than sexual maturation. Absence of significant estradiol and testosterone associations support the concept that gonadal hormones indirectly affect growth via GH and IGF-1 production (30) . Also, Tanner stages are a distal measure of gonadal hormone change and are subject to measurement bias, especially when data are self-reported (31), as is the case for this study. Importantly, analyses of age at ghrelin nadir vs age at peak height velocity showed no differences in the timing of these two events, and significant negative correlations were identified between ghrelin and annual height and weight velocity. Taken together, these two lines of evidence strongly support a drop in circulating total ghrelin to its lowest levels during peak pubertal growth and allow the proposition that low ghrelin concentrations signal adequate nutritional status to support rapid somatic growth and development of reproductive capacity (32) . Thus, we propose that the strong appetites of pubertal adolescents cannot be solely attributed to ghrelin and its orexigenic properties. Although a potential increase in sensitivity to the hunger-promoting effects of ghrelin cannot be ruled out, as postulated in one study (17) , our data lend greater support to the role of ghrelin in regulating long-term energy balance and pubertal development. Some studies have reported that circulating ghrelin, together with leptin and insulin, operate as opposing energy balance signals in the control of pubertal onset and progression (14, 33) . Results from our mixed models suggest this metabolic control of puberty may be sex specific, as ghrelin was strongly associated with leptin but not insulin in girls, and vice versa in boys. Although energy balance was not measured in this study, there is increasing recognition of ghrelin as a chronic starvation signal, as evidenced by a welldocumented inverse association between fasting ghrelin and BMI (7) and the low and high ghrelin levels reported in over-and undernutrition states, respectively (7). Supportive of ghrelin's signaling of undernutrition are its proposed inhibitory influences on fertility and maturation (32, 34) . Such inhibitory influences may be interpreted as an adaptive response to suboptimal nutrition states for reproduction. In rodents, repeated ghrelin infusions suppressed gonadotropin release and delayed pubertal onset (35) . Our current data show an early to midpubertal fall in ghrelin, which would thus be permissive to initiation and progression of puberty. This is associated with the observed rise in insulin and IGF-1 promoting rapid physical growth. Negative feedback from GH may further suppress ghrelin levels during this period (36) . This study found no significant relationship for total PYY to age, Tanner stage, or physical markers of growth in either sex. This outcome is consistent with research showing similar fasting PYY levels in prepubertal vs pubertal youth (20) , but differs from the findings of a crosssectional study by Lloyd et al. (13) . In the Lloyd study of similar sample size, midpubertal teens were reported to have significantly lower fasting PYY compared with those in early or late puberty (13) . PYY levels correlated inversely with GH, and GH was postulated as the driver of the midpubertal PYY nadir and subsequent increases in appetite and gonadotropins. In contrast, our current work showed a small but significant positive relationship between PYY, IGF-1, and insulin in girls. This result suggests a slight increase in satiety signaling with pubertal growth, which was not anticipated. Comparison of our results to those from the Lloyd study showed similar fasting PYY levels at pre/peripuberty (42.4 vs 30.3 pmol/ L in Lloyd et al.) (13) . The main difference was our relatively small magnitude of PYY change, which potentially reflects the longitudinal nature of our data. As this study observed a minimal change in fasting PYY levels across puberty, perhaps a blunted satiety response after food intake may explain the increased appetite typically observed in rapidly growing adolescents (37) .
Comparison of ghrelin and PYY alterations by weight subgroup revealed that, unlike healthy-weight adolescents, those with Ow/Ob did not exhibit a U-shaped change in ghrelin with age. This finding is in contrast to a previous cross-sectional study in which ghrelin levels dropped equally among healthy-weight and Ow/Ob youth (38) . Loss of the U-shaped trend may represent an adaptive response to chronic energy surplus in the Ow/Ob adolescents or alternatively, it may reflect true dysregulation of energy balance signals with implications for long-term weight and metabolic risk trajectories. The small size of the Ow/Ob subgroups, who also reported being well advanced in puberty at the start of the study, meant that we are unable to draw any firm conclusions about weight-related differences in adolescent ghrelin and PYY levels. Longitudinal data from an Ow/Ob cohort who are less developmentally advanced would help clarify this apparent dysregulation.
The longitudinal study design in a community sample and comprehensive assessment of anthropometric, body composition, and biochemical data strengthen the unique findings of this research. The lack of pre-and postpuberty data, the small sample size for Ow/Ob subgroup analyses, and assessment of Tanner stage by self-report are limitations. The plasma sampling procedures precluded measurement of ghrelin and PYY in its different forms. Also, with annual anthropometry, it is not possible to ascertain how weight fluctuation and active attempts to gain/lose weight may influence ghrelin and PYY levels.
Conclusion
This study showed, in a healthy longitudinal adolescent cohort, a negative association for fasting total ghrelin with annual height and weight velocity. This association yielded a U-shaped relationship with age, which was inverse to the changes observed for IGF-1. The strongest predictor of the ghrelin-age relationship was leptin in girls and IGF-1 in boys. Adolescents with Ow/Ob showed an apparent loss of the U-shaped ghrelin-age relationship, but this finding may be attributed to their greater level of maturity. Contrary to cross-sectional data, a direct association for ghrelin to Tanner stage or gonadal hormones was not demonstrable. The current study did not identify any significant relationship for total PYY to age, Tanner stage, or physical growth. Insulin and IGF-1 in girls and leptin in boys were significant positive predictors of PYY. Taken together, results of this study suggest that, during puberty, the role of ghrelin is directed to ensuring appropriate energy balance to accommodate the growth spurt, given the identified relationships with IGF-1 and leptin. The relationship of gonadal hormones to both ghrelin and PYY production remains unclear. 
